ABSTRACT: Plasmon-mediated processes provide unique opportunities for selective photocatalysis, photovoltaics, and electrochemistry. Determining the influence of particle heterogeneity is an unsolved problem because often such processes introduce irreversible changes to the nanocatalysts and/or their surroundings. The challenge lies in monitoring heterogeneous nonequilibrium dynamics via the slow, serial methods that are intrinsic to almost all spectral acquisition methods with suitable spatial and/or spectral resolution. Here, we present a new metrology, snapshot hyperspectral imaging (SHI), that facilitates in situ readout of the tube lens image and first-order diffraction image of the dark-field scattering from many individual plasmonic nanoparticles to extract their respective spectra simultaneously. Evanescent wave excitation with a supercontinuum laser enabled signal-to-noise ratios greater than 100 with a time resolution of only 1 ms. Throughput of ∼100 simultaneous spectra was achieved with a highly ordered nanoparticle array, yielding a spectral resolution of 0.21 nm/pixel. Additionally, an alternative dark-field excitation geometry utilized a combination of a supercontinuum laser and a reflecting objective for polarizationcontrolled SHI. Using a simplified version of SHI, we temporally resolve on the millisecond time scale the heterogeneous kinetics of an electrochemical surface redox reaction for many individual gold nanoparticles simultaneously.
■ INTRODUCTION
Plasmonic nanoparticles (NPs), characterized by their strong interaction with light and their high surface-to-volume ratio, play a crucial role as light-harvesting nanoantennas in photocatalysis, 1−12 photovoltaics, 13−15 plasmonic sensing, 16−19 plasmon-mediated NP synthesis, 20−28 surface-enhanced Raman spectroscopy, 29−32 plasmonic tweezers, 33 and spectroelectrochemistry. 34−41 The photophysical response of a plasmonic nanoantenna strongly depends on its shape, 28 ,42−51 surface morphology, 52, 53 material composition, 54−57 and its environment and can furthermore be influenced by charge carrier density variations. 58 During some applications, changes to the nanoantenna geometry can occur due to chemical reactions that take place at the surface. 37, 40 Single-particle spectroscopy has contributed tremendously to our understanding of the relationship between the size and shape of NPs and their plasmonic resonances. 40, 47, 59, 60 Conventional spectral imaging techniques are often limited by a combination of real-time performance for a single (or few) nanostructure(s), sensitivity (i.e., spectral resolution), and NP throughput. Consequentially, there is a dearth of knowledge regarding the way NP polydispersity can affect irreversible and fast plasmon-mediated processes. Understanding the photophysical and photochemical effects of sample heterogeneity on plasmonically triggered reactions is an important first step toward characterizing hotcarrier-induced surface chemistry and catalysis as well as effective tailoring of nanostructure geometry for successful applications.
Assuming a constant rate of optical excitation, spectral detection techniques can be assessed using the following parameters: the number of NPs measured at a time, N NP (t 0 ), the required acquisition time of the detector, δt aq. , the spectral resolution, R(δt aq. ), and the signal-to-noise ratio 61−63 in the recorded wavelength spectrum (S/N (δt aq. )). Several experimental methods have been developed to reveal the optical characteristics of plasmonic NPs, but the ideal combination of all four detection parameters has not been reported yet. In UV−vis−NIR spectroscopy, the spatial throughput of NPs exceeds the maximum number of particles allowed to extract single-particle spectra and N NP (t 0 ) ≫ N ideal (t 0 ). Although current single-particle spectroscopy can achieve fast camera integration times down to tens of microseconds, 64 δt aq. ≅ δt ideal , if the incident photon flux is high, it is restricted to the investigation of a single (or few) NP(s) at a time, N NP (t 0 ) ≪ N ideal (t 0 ). In contrast, spatial hyperspectral imaging 40 by scanning the sample or the wavelength enables the measurement of many individual plasmonic NPs, N NP (t 0 ) ≅ N ideal (t 0 ), but the overall measurement time depends on the number of measured NPs, δt aq. ≫ δt ideal , 65, 66 or the spectral resolution is low, R(δt aq. ) ≪ R ideal (δt aq. ). 66 Spectral resolutions better than the limits determined by the hardware can in principle be achieved by fitting single-particle spectra as demonstrated in single-particle plasmon resonance sensing experiments that illustrated analyte detection with an accuracy of 0.03 nm at a 10 ms detector exposure time. 17, 18 Finally, transmission gratingbased spectroscopic approaches that have been described so far require detector acquisition times from 35 to over 100 ms (δt aq. ≫ δt ideal ) and/or the spectral resolution is low, R(δt aq. ) ≪ R ideal (δt aq. ), varying between 1.6 and 7 nm per pixel.
67−69 Such low spectral sensitivity hinders a precise measurement of wavelength shifts on the single nanometer scale that can occur, for example, in spectroelectrochemical reactions even if spectra were fitted to Lorenztian curves. 39 In addition, spatial throughput is often not optimized as the zeroth and first orders of diffraction are detected with the same camera and thus N NP (t 0 ) ≪ N ideal (t 0 ). 68−73 In this work, we present a technique that provides in situ spectroscopic mapping of many individual nanostructures in a fast and truly parallel manner, rendering discernible signals on a millisecond time scale with high signal-to-noise (S/N) ratio. 61−63 This advancement is possible through the optimization of all four detection parameters at the same time using a novel snapshot hyperspectral imaging (SHI) methodology. The key features of the SHI setup are a diffracting optical element (a transmission grating) and two complementary metal−oxide−semiconductor (CMOS) cameras. The two cameras enable separate and parallel readout of the spatial and spectral dark-field scattering images of multiple single NPs on a millisecond time scale. The precise correlation of the two CMOS cameras facilitates the extraction of the respective NP wavelength spectra, which exhibit S/N ratios up to (S/N(δt aq. )) 125 for δt aq. = 1 ms, whereas the spectral resolution is set to R(1 ms) = 0.21 nm/pixel. Our experimentally determined NP throughput is N NP (t 0 ) ≅ 100 at a time for ordered NP arrays. For randomly positioned NPs, overlapping spectra reduce this number to about 20, comparable to closely related prior work that demonstrated parallel spectroscopic imaging by inserting a spatially addressable liquid crystal filter in the detection path. 74 Finally, we present a novel dark-field excitation approach that utilizes a combination of a supercontinuum laser and a reflecting objective for polarization-controlled SHI.
■ RESULTS AND DISCUSSION
The principle of our detection system is based on the synchronized acquisition of the spatial positions and the spectral dispersions of many single NPs. Our SHI setup comprised a beam splitter, a transmission grating, and two CMOS cameras (ORCA-flash 4.0 V2, Hamamatsu, Figure 1a) . We used the first CMOS camera (CMOS 1) to detect the spatial tube lens image and the second CMOS camera (CMOS 2) to simultaneously reveal the spectral dispersion of the image after it passed the transmission grating ( Figure 1a) .
The image of the tube lens of an inverted microscope (Axiovert, Zeiss) was split with a nonpolarizing beam splitter cube having a 70:30 reflectance−transmittance ratio (Thorlabs). The transmitted image was then focused on the CMOS 1 camera by an achromatic doublet lens (Newport). The lens had an effective focal length of f 3 = 80 mm and was positioned to achieve a 4f geometry keeping the magnification of the microscope at the CMOS 1 camera the same. This one-toone image projection ensured minimal photon loss while the complete field of view of the objective was projected on the active pixel sensor of the CMOS 1 camera.
For the spectral detection of the NPs, the reflected and hence inverted portion of the tube lens image was collimated by an achromatic doublet lens having an effective focal length of f 1 = 100 mm (Figure 1a) . The collimated light passed a transmission grating (Edmund Optics) with a groove density of 300 grooves/mm and a blaze angle of 17.5°. The second CMOS camera (CMOS 2) was positioned 200 mm behind the transmission grating. A visible achromatic doublet lens with an effective focal length of f 2 = 100 mm (Newport) was placed in front of the CMOS 2 camera to focus the transmitted firstorder diffraction of the image on the camera chip ( Figure 1a) . As the transmission grating was normally aligned to the photon propagation direction (α = 90°, Figure 1a) , the transmission grating equation reads as
with diffraction angle β, wavelength of light λ n , order of diffraction m, and grating period Δ. From this equation, one can see that the diffraction angle depends only on the order of diffraction as well as the wavelength for a constant grating period; the angle of diffraction increases with the wavelength The Journal of Physical Chemistry C Article and decreases with a larger grating period. In general, the spectral range that can be collected with the CMOS 2 camera depends on the grating groove density, the magnification provided by the collimating and focusing lenses, and the sensor size of the camera. The active area of the CMOS camera had a size of 13.312 × 13.312 mm 2 or 2048 × 2048 pixel 2 . The sensor size together with the set of lenses used provided a measureable spectral dispersion from λ min = 430 nm to λ max = 870 nm when the NP was positioned in the center of the CMOS 1 camera (Supporting Information 1, Figure S1 , Table S1 ). This corresponded to a spectral resolution of 0.21 nm/pixel for our SHI setup. (The calibration details for the CMOS 1 and CMOS 2 cameras are described in the Supporting Information Section 1, Figures S1−S3 .)
The theoretical spectral sensitivity of our technique is of the same order as that of the optical resolution provided by common spectroscopic detection methods. In comparison, a slit spectrograph combined with a CCD camera (e.g., SP-2150i and PIXIS/PyLoN:100/400 from Princeton Instruments) provides a spectral resolution of 0.38 nm/pixel for a slit width of 20 μm and a grating with 300 grooves/mm. The combination of the chosen transmission grating together with the particular set of lenses provided the most appropriate balance between photon efficiency and spectral resolution. To visualize the spatial and spectral output of the SHI approach, we show the detection of individual gold nanorods (AuNRs) in Figure 1b . The CMOS 1 camera provides the spatial image of the AuNRs, whereas the CMOS 2 camera simultaneously measures the spectral dispersion of each AuNR. By utilizing two cameras for the separate detection of the tube lens and first-order diffraction images, we extended the possible simultaneous spatial NP throughput without any loss of spectral sensitivity, in comparison with previous work utilizing only one CMOS detector. 67, 68, 73 As our SHI methodology does not involve an entrance slit, a dark-field excitation configuration of the investigated NPs is necessary for their distinct detection. We used an evanescent wave to optically excite the resonant scattering of plasmonic NPs and successfully extracted their respective spectra with respect to an otherwise dark background. For the evanescent wave excitation, a prism was brought in contact with the back side of a cover slip (Figure 2a ).
Index matching was achieved with microscope objective immersion oil. The light of a 250 W halogen lamp (Newport) was directed through the prism and focused at the cover slip by a lens ( f = 35 mm) under the critical angle for total internal reflection (TIR). The evanescent wave generated at the cover slip−air interface excited the AuNRs (see Supporting Information Section 2.1 for detailed AuNR characterization). The resonantly scattered light of the AuNRs was collected by a 50× air-spaced objective (Zeiss). The image was additionally magnified by a factor of 2.5 by an internal lens of the microscope, leading to an effective magnification of 125. The exposure time of the CMOS 1 and CMOS 2 cameras was set to 1 s, and the tube lens and first-order diffraction images were captured ( Figure 2b ). The positions of the single NPs recorded by the CMOS 1 camera were correlated to the respective spectral dispersions captured by the CMOS 2 camera (colored stars in Figure 2b ). The full width of the spectral dispersion of an individual AuNR on the CMOS 2 camera chip was found to be ∼400 pixel (i.e., ∼ 84 nm) in the x-direction and ∼20 pixel (i.e., ∼ 4 nm) in the y-direction for our particular setup parameters. To extract wavelength-calibrated spectra for all AuNRs (Figure 2c ), we converted the position-dependent dispersions of each NP into wavelength information using a linear function (see Supporting Information Sections 1 and 3.1 for further details). The excitation power spectrum (Figures S4 and S5) was largely uniform across the spectral region of interest, making a normalization for AuNR spectra not necessary. We furthermore verified the correctness of this procedure by performing reference measurements with a regular spectrograph together with a CCD camera (Princeton Instruments, Acton SpectraPro 2150i). We measured the spectra of the same AuNRs with both approaches, and the agreement was very good (see Supporting Information Section 4, Figure S7 ).
Besides the high spatial throughput of NPs and spectral resolution, a large signal-to-noise ratio, S/N(δt aq. ), is important for the acquisition of many high-quality spectra. We achieved high S/N ratios for CMOS camera acquisition times of only 1 ms by utilizing a supercontinuum laser for the evanescent wave excitation. The photon flux that reaches the photodetectors is a crucial parameter for the acquisition-time-dependent S/N ratio of a NP spectrum. To considerably enhance the scattering intensity of individual AuNRs, we therefore exchanged the halogen lamp in the prism-TIR configuration by a high-power white light fiber laser (WLL, WhiteLase SC480, Fianium) with a total output power of 10 W over a wavelength range of 480− 2400 nm (Figure 3a) .
To avoid sample heating and match the excitation wavelength to the detection window, wavelengths greater than 900 nm were reflected by a dichroic mirror (Chroma) after the laser output. The beam was then expanded three times by a Keplerian telescope constructed from two plano-convex, achromatic lenses with focal lengths of f 1 = 50 mm and f 2 = 150 mm (Newport) placed at a distance of 200 mm from each other. The WLL was focused by an achromatic lens (f = 88 mm, Newport) on the back side of the cover slip that was mounted on the microscope stage. The propagation direction of the beam matched the critical angle for TIR (Figure 3a) , and the generated evanescent wave of the WLL prism-TIR excitation configuration led to high-intensity scattering of the AuNRs over a dark background (Figure 3b , see Supporting Information Section 2.2, Figure S6 for the AuNR synthesis and characterization). The resonantly scattered light was collected by the same 50× objective, and the image was again magnified by a factor of 2.5 using the internal microscope lens. The exposure time of the CMOS 1 and CMOS 2 cameras was set to 1 ms (vs 1 s previously), and the tube lens and first-order diffraction images were captured (Figure 3c ). The spatial image of each single AuNR was correlated to its spectral image (white stars in Figure 3c ), and the spectra were extracted following the wavelength calibration and correction procedure described in the Supporting Information. The WLL prism-TIR excitation of the AuNRs resulted in NP spectra that showed high S/N ratios, while using only a 1 ms acquisition time for both CMOS cameras (Figure 3d , left) and a total output laser power of 10 W. A detailed analysis of the acquisition-time-dependent S/N ratio will be discussed below. In some regions of the spectral map, superposition of dispersions from several AuNRs occurred (red stars in Figure 3c ). As a consequence, the corresponding spectra showed features of two or more AuNRs (Figure 3d , right). On average, we extracted 10−20 simultaneous spectra from randomly deposited AuNRs with a spectral resolution of 0.21 nm/pixel, comparable to that in previous pioneering work 74 that used a liquid crystal shutter to avoid the issue of overlapping spectra.
To estimate the spatial throughput of the SHI setup while excluding superposition of dispersions, we measured an ordered array of individual plasmonic AuNRs. We found the experimental throughput of the SHI approach to be N NP (t 0 ) ≅ 100 NPs under our conditions, i.e., for a 125× magnification and a corresponding full spectral width of a single AuNR on the CMOS 2 camera of ∼400 pixel (i.e., ∼84 nm) in the x-direction and ∼20 pixel (i.e., ∼1 μm in spatial dimensions) in the ydirection. In the ideal case of no spectral superposition and a sensor area composed of 2048 × 2048 pixel 2 , up to 500 individual AuNRs could theoretically be detected with the CMOS 2 camera. Although this number represents an upper limit, we tested the NP throughput capabilities of SHI experimentally with an AuNR sample that was fabricated by electron-beam lithography (please see Supporting Information Section 10 for methodical details). The AuNRs had dimensions of 40 nm × 80 nm and were supported on a quartz substrate. As the camera field of view was 106 × 106 μm 2 (i.e., 2048 × 2048 pixel 2 ) for the used magnification, we chose an interparticle distance of 60 μm (i.e., ∼1159 pixel) in the xdirection and a distance of 1.5 μm (i.e., ∼29 pixel) in the ydirection to avoid spectral superposition at the CMOS 2 camera (Figure 4a) .
The AuNRs were excited with the WLL prism-TIR approach. Figure 4b depicts the spectroscopic recording of the AuNR The Journal of Physical Chemistry C Article array with the two CMOS cameras. In this experiment, the spectral information of 83 AuNRs was acquired within only 1 ms. Several examples of extracted spectra are shown in Figure  4c . A total of 53 NPs fit into the field of view of the CMOS cameras in the y-direction (Figure 4b , left image). With two parallel columns, no overlap of individual dispersions occurred in either direction (Figure 4b , right image). As some AuNRs were missing, the number of recorded spectra was slightly lower than that for a perfect AuNR pattern. In addition, we cropped the edges of the captured images in the x-direction (Figure 4b ) because of coma effects in the optical system. A correction for the coma aberration, e.g., via deconvolution of a blurred Airy disk image, would enable a full image readout and then the in situ detection of 140 individual AuNRs within 1 ms.
To make SHI detection more cost-effective and more accessible to other groups, we have implemented a single CMOS detector version. 67, 68, [71] [72] [73] 75 In this single detector setup, we exchanged the original transmission grating (300 l/ mm) with a coarser transmission grating having a line density of 70 l/mm. We therefore sacrificed some spectral resolution (0.85 nm/pixel for the 70 l/mm grating instead of 0.21 nm/ pixel for the 300 l/mm grating). However, the positive trade-off is in cost as only one CMOS detector is required. Additionally, alignment and calibration are simplified. Utilizing this single detector setup, we established the unique application possibilities of SHI. We temporally resolved the millisecond kinetics of an electrochemical redox reaction of many single AuNRs in parallel under the same conditions by monitoring the changes of their LSPR wavelengths and thereby observing diverse optical changes in response to a reversible formation of gold oxide layers on the particle surfaces ( Figure 5 , experimental conditions are described in Section 8 of the Supporting Information).
As shown in Figure 5a ,b, at a positive electrochemical potential of +1.0 V, the scattering spectra of multiple single AuNRs, measured at the exactly same time, red-shifted and were strongly damped because of capacitive charging and oxidation of the Au surface. As soon as the potential was switched back to −0.2 V, the AuNR spectra reversibly recovered to their original values. For AuNRs in a 100 mM NaF electrolyte solution, the electrochemical reaction that occurs at the lowest positive potential is adsorption of hydroxide and oxidation of the gold surface. The formation of Au x O y changes the local refractive index around the AuNR and leads to a red shift of the plasmon resonance. Chemical interface damping likely also contributed as the plasmon resonance intensity decreased and the line width broadened. Although this behavior is consistent with the results from several groups that reported electrochemically produced Au x O y on a gold surface at a potential of 1.5−1.7 V relative to a standard hydrogen electrode (SHE) and estimated a Au , while the reduction was faster than our time resolution. This spread in reaction kinetics demonstrates the heterogeneity of a typical electrochemical redox reaction that must be monitored under the exactly same experimental conditions in parallel for many NPs. In addition to the heterogeneity in reaction kinetics, we observed some dramatic outliers for the measured LSPR wavelength shifts upon Au oxidation. In particular, one of the AuNRs showed a significantly smaller LSPR shift of less than 2 nm ( Figure S14 ). On the basis of this data, even smaller wavelength shifts of λ < 1 nm should be achievable. The stability of our SHI setup furthermore supports this claim, as demonstrated by measuring the resonance wavelengths of 93 AuNRs in parallel. Over a measurement period of 6 s, the wavelength stability was 0.57 nm with a standard deviation of 0.11 nm (Supporting Information Section 9, Figure S15 ).
As the spectral investigation of nonisotropic plasmonic NPs requires a precise control of the polarization of the excitation light, we present an innovative high-intensity dark-field approach that can be used with SHI. This method utilized a WLL with normal incidence onto the sample from above and a reflecting objective (WLL/RO) positioned below (Figure 6a) .
A polarizing optical element was easily implemented before the sample. While evanescent wave excitation limits the degree of polarization control, 80 the WLL/RO geometry represents a great alternative for exact, polarization-dependent measurements. It furthermore provides a way to vary the incident kvector, important as samples are typically not rotated. In detail, we coupled the WLL into the microscope such that it was normally incident on an aluminum-coated, reflecting objective (74×/0.65, Beck Optronic Solutions). An achromatic lens in front of the objective with an effective focal length of f = 100 mm (Newport) was used to focus the incoming beam to the center of the light stop of the objective. As a consequence, direct excitation light from the laser was blocked by the light stop, resulting in a dark background, as required for SHI. We positioned the sample substrate on a microscope stage with AuNRs facing toward the reflecting objective in between the focusing lens and the reflecting objective (see Supporting Information Section 2.3 for further details regarding the sample). When NPs were in focus of the reflecting objective, only light resonantly scattered by the individual AuNRs reached (Figure 6a,b) . This configuration led to a high scattering intensity of the NPs on a dark background (Figure 6b ) and allowed us to measure their spectra, first using a conventional spectrograph and CCD camera (Figure 6c , Supporting Information Section 3.2). To verify the accuracy of the measured AuNR spectra with the WLL/RO approach, we also recorded spectra of the same AuNRs using a regular halogen lamp (Zeiss) dark-field illumination. The agreement between these two methods is very good, as illustrated in Figure 6c .
To evaluate the performance of the WLL/RO illumination, we quantitatively compared the S/N ratios of the wavelength spectra as well as the polarization-dependent scattering intensities of AuNRs for the WLL/RO and the WLL prism-TIR (WLL/PRISM) geometries. We found that SHI measurements exhibited better polarization control with the WLL/RO method but yielded smaller S/N ratios compared to those from the WLL/PRISM approach when using the same camera integration times. The signal recorded with a CMOS photodetector depends on the photon flux incident on the camera sensor, the quantum efficiency of the device, and the integration time over which the signal is collected, whereas the three primary contributors to the noise are the photon noise (from the Poisson distribution in arrival times of photons), dark noise (from the Poisson distribution in the number of electrons thermally generated within the semiconductor), and the system's inherent readout noise due to the processing of generated charge carriers. Considering these factors, the signalto-noise ratio can be expressed as
aq. aq. aq. aq. 
with δt aq. being the acquisition time, P, the photon flux, Q, the quantum efficiency of the detector, D, the dark current, and R, the read out noise. For simplicity, the wavelength dependence of the photon flux and quantum efficiency is neglected here. For a quantitative S/N ratio comparison between the WLL/RO and WLL/PRISM schemes, it is important that the photon flux arriving at the detector is comparable for both excitation techniques. As the photon flux stands for photon density over time, it scales with power. As described above, both illumination methodologies use a lens either to focus the WLL at the TIR angle onto the substrate (i.e., WLL/PRISM) or to focus the incoming WLL on the light stop of the reflecting objective (i.e., WLL/RO). To be able to compare the exciting photon fluxes, we measured the power of the WLL using a photodiode detector (Thorlabs, PM100A) with the conversion efficiency set to λ = 637 nm after the respective focusing lens of each illumination scheme. The measured mean power was P 637nm = 141 mW for the WLL/RO configuration and P 637nm = 160 mW for the WLL/PRISM approach. Besides the excitation power, the microscope magnification is a second crucial parameter that influences the amount of detected photons. Overall, a higher magnification decreases the photon flux that arrives from the AuNRs at the camera sensor. Thus, for the S/ N ratio assessment, the magnification of both systems needs to be similar. Accordingly, the magnification of the reflecting objective (74×) was increased by a factor of 1.6 using an internal lens of the microscope. The resulting magnification of 118× for the WLL/RO method is approximately equal to the magnification of the WLL/PRISM geometry (125×). The similar power and similar magnification used for the WLL/RO and WLL/PRISM configurations allowed a comparison of the S/N ratio in the scattering spectra of individual AuNRs. The Journal of Physical Chemistry C Article Our primary goal was to find the shortest possible camera acquisition time δt aq. for a certain S/N ratio (δt aq. ) for the two different illumination approaches. As presented in Supporting Information Section 5, Figure S8 , the WLL/PRISM configuration could reach S/N ratios above 100 within only 1 ms. The S/N ratios from the spectra of individual AuNRs were calculated as described in Supporting Information Section 7, Figure S11 , and example spectra for the WLL/PRISM and the WLL/RO geometries are given in Figures S12 and S13 , respectively. Longer integration times than 1 ms already led to a local saturation of the CMOS sensor (saturation charge of 30 000 electrons). For the different individual AuNRs measured, we observed a distribution of S/N ratios ( Figure S8 ), likely the result of an inhomogeneous size distribution among the AuNRs and potentially a gradient in the spatial evanescent wave excitation (Figure 3b) . Nonetheless, the majority of the S/N ratios were sufficient for a distinct spectral mapping with an exposure time of only 1 ms. This integration time could be further reduced to reach sub-millisecond time resolution, e.g., δt aq. = 100 μs. However, the read out time of our CMOS camera sensor is limited by the amount of pixels that are simultaneously active. An acquisition time less than 1 ms is only possible if the image size is cropped and the amount of detected pixels is reduced, leading to an unwanted decrease in the spatial NP throughput. For the WLL/RO approach, the extracted S/N ratios were below 25 for 1−20 ms camera acquisition times ( Figure S9 ). For small spherical AuNPs with a diameter of ∼35 nm, we could still detect distinct SHI spectra using the WLL/ PRISM excitation but needed a camera acquisition time of 1 s ( Figure S10 ).
Finally, we investigated the polarization sensitivity of the WLL/PRISM and WLL/RO illumination schemes. For testing the polarization quality, a mechanical polarizer (Thorlabs) was positioned before the corresponding focusing lenses in the WLL/PRISM and WLL/RO setups. After implementation of the polarizer, the excitation power was again measured behind the focusing lenses. The excitation power dropped ∼60% for both setups in comparison with the S/N ratio measurements performed without the polarizer ( Figure S8) . Consequently, the photon flux that excited the AuNRs decreased for both excitation schemes and we therefore increased the camera acquisition times to 5 ms for the WLL/PRISM and to 30 ms for the WLL/RO method to achieve similar scattering intensities. Next, the polarizer was rotated in 45°steps and the power was measured for each position. The power showed the same weak angle dependency for the two illumination configurations (Supporting Information Section 6, Table S2 ). We measured the spectral dispersion of individual AuNRs with the CMOS 2 camera and analyzed the integrated intensity for each position of the polarizer for both excitation schemes (Figure 6d,e) . We determined the integrated scattering intensity I as (4) with N being the amount of pixels i that defined the region of interest centering signal S or background BG. Next, we fitted the integrated intensity with the following formula
Here, I stands for the integrated scattering intensity after background subtraction, P represents a fitting parameter, M is the modulation depth (amplitude), Θ is the angle of incident light polarization, and Φ is the AuNR orientation. Because AuNRs behave as dipole scatterers at the longitudinal plasmon resonance, 46 the modulation depth is a measure of the polarization control. We found that the WLL/PRISM scheme allows good polarization control with values of M = 0.8 ( Figure  6d ) for integration times around 5 ms. The polarization control was significantly improved for the WLL/RO configuration with a perfect modulation amplitude of M = 1.0 (Figure 6e) . However, the improved polarization control came at the expense of a longer CMOS camera integration time (∼30 ms) when ensuring similar photon counts.
■ CONCLUSIONS
We have presented a novel two-detector approach to parallel single-particle spectroscopic imaging that allows the in situ and high-quality mapping of ∼100 individual plasmonic NPs. The two-detector approach will in the future also enable spectroscopic imaging of nonstationary NPs and particle growth from small and initially nondetectable seeds. The spectra showed signal-to-noise ratios greater than 100 with an integration time of only 1 ms while using a high-intensity evanescent wave excitation. We also specified an alternative dark-field excitation approach that utilizes a combination of a supercontinuum laser and a reflecting objective for polarizationcontrolled SHI. As plasmonic NPs provide unique opportunities for photocatalysis, photovoltaics, and electrochemistry, understanding the effect of particle heterogeneity on fast, irreversible plasmon-mediated processes is crucial for their efficient application in a variety of research fields. SHI overcomes the problem with commonly applied spectral analysis methods that observe one particle at a time: 82 although one NP is monitored, the others are simultaneously subjected to fast irreversible changes that stay uncovered. Our spectroscopic mapping technique allows the detection of the spectral response of many NPs in parallel with fast time resolution, high spectral sensitivity, high S/N values, and precise polarization control. We have successfully applied SHI to the heterogeneous gold oxide formation at the surface of AuNRs when subjected to an electrochemical potential.
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